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We present a phenomenologial model for the remanent magnetization at low tempera-
tures in the quasi-one-dimensional dilute antiferromagnets (CH3NH3)Mn1−xCdxCl3·2H2O and
(CH3)2NH2Mn1−xCdxCl3·2H2O. The model assumes the existene of unompensated magneti mo-
ments indued in the odd-sized segments generated along the Mn
2+
hains upon dilution. These
moments are further assumed to orrelate ferromagnetially after removal of a ooling eld. Using
a (mean-eld) linear-hain approximation and reasonable set of model parameters, we are able to
reprodue the approximate linear temperature dependene observed for the remanent magnetization
in the real ompounds.
PACS numbers: 05.50.+q, 75.50.E
I. INTRODUCTION
At low temperatures, quasi-one-dimensional mag-
neti systems exhibit a wealth of interesting behav-
ior, suh as dimensional rossover,
1,2,3
random quan-
tum paramagnetism,
4
order-by-disorder phenomena,
5,6
and Griths phases,
7,8
whih have motivated many ex-
perimental and theoretial investigations. In most of
these systems, three-dimensional (3D) order is eventu-
ally indued by interhain interations. Taking advan-
tage of the many analytial results available for one-
dimensional model systems, this situation has been mod-
eled in a variety of ways. Most of the existent ap-
proahes are based on linear-hain approximations,
9,10,11
whih treat orrelations along the hains in an exat way,
while introduing interhain ouplings via eetive elds.
These approximations have been quite suessfully ap-
plied to pure systems, and have given rise to generalized
Ginzburg-Landau theories,
9,12
whih aount for utua-
tions. Also, they have been widely used to explain disor-
der eets,
13,14,15,16,17
whih are among the main topis
of researh on quasi-one-dimensional systems.
In the present work we onsider a lass of quasi-
one-dimensional ompounds,
18,19
represented by
(CH3NH3)MnCl3·2H2O (abbreviated MMC) and
(CH3)2NH2MnCl3·2H2O (abbreviated DMMC), onsist-
ing of loalized spin systems in whih the Mn
2+
ions (spin
S = 52 ) lie along the rystalline b axis, forming hains,
and are antiferromagnetially oupled to eah other by
an intrahain interation J/kB around 3 K. Magneti
suseptibility and spei heat measurements
20
indiate
the onset of 3D long-range order at Néel temperatures
TN = 4.12 K for MMC and TN = 6.36 K for DMMC,
with the magneti moments aligning along the a axis.
These temperatures are ompatible with an interhain
interation |J⊥| ∼ |J | × 10
−2
. The harater of this
interation is not reported in the literature. However,
owing to the behavior of the materials upon dilution
with non-magneti Cd
2+
ions, it has been suggested
(see below) that ferromagneti interhain ouplings are
present. At temperatures above T ∼ 10 K, suseptibility
results are well desribed by a one-dimensional Heisen-
berg S = 52 model, but at lower temperatures anisotropy
eets (probably of dipolar origin) beome relevant.
20
Calulations based on a lassial anisotropi Heisenberg
model, with parameters derived from experiments on
DMMC, reinfore the importane of anisotropy.
15
In
partiular, the behavior of the orrelation length along
the hains is predited to ross over from Heisenberg-like
to Ising-like as the temperature is lowered.
Substitution of small amounts of non-magneti Cd
2+
for Mn
2+
ions indues the appearane of a remanent
magnetization
18,19
below TN , when samples are ooled in
the presene of elds of a few Oe direted along the easy
axis. This remanent magnetization is observed to vary
linearly with temperature, exept immediately below TN ,
where demagnetization eets seem to be relevant.
18
Moreover, there is an exess parallel suseptibility, whih
is in general assoiated with the existene of unompen-
sated magneti moments in odd-sized segments formed
along the hains upon dilution.
21
Apparently, the linear
temperature dependene of the remanent magnetization
is of universal harater, as inferred frommeasurements
19
performed on DMMC doped with Cd
2+
(non-magneti)
and Cu
2+
(S = 12 ). Experiments
22
performed on similar
ompounds, CsMnCl3·2H2O (CMC) and CsMnBr3·2H2O
(CMB) doped with Cu
2+
(for whih the signs of the inter-
hain interations are well known), revealed that a rema-
nent magnetization appears in CMB, in whih interhain
ouplings are ferromagneti along one of the transversal
diretions and antiferromagneti along the other; in on-
trast, no net magnetization is observable in CMC, where
all interations are antiferromagneti. These experimen-
tal results, ombined with the observation that some ef-
fetive ferromagneti oupling is expeted in order to sus-
tain a net remanent magnetization, have led to the idea
that ferromagneti interhain interations should also be
present in DMMC and MMC.
19
However, in the lak of
experimental data, up to now no onlusive evidene on
this point seems to be available.
2In this paper we introdue and disuss a phenomeno-
logial model for the low-temperature magneti behavior
of those ompounds. By virtue of the previously dis-
ussed anisotropy eets, we believe the qualitative as-
pets to be aptured by a S = 52 Ising model, whih in
the pure limit (and in the simplest ase) is desribed by
the Hamiltonian
H = J
∑
r
SrSr+b +
∑
r
∑
δ
J⊥δ SrSr+δ, (1)
where J > 0, r is a lattie vetor, b is the primitive
vetor along the rystalline b diretion, δ is a vetor on-
neting a site to its nearest neighbors in the ac plane,
J⊥
δ
= J⊥ > 0 if δ is parallel to the a axis, and J
⊥
δ
= −J⊥
if δ is parallel to the c axis. Our approah is based on a
linear-hain approximation, whih treats the intrahain
ouplings (J) exatly, while introduing the weak inter-
hain interations (J⊥ ≪ J) via Curie-Weiss terms on-
neting all spins (in suh a way that a staggered eetive
eld results, ombining both ferro- and antiferromagneti
interhain interations in a ooperative manner). At very
low temperatures the hains are antiferromagnetially
ordered, with a harateristi two-sublattie struture.
Upon dilution, a very long hain breaks into nite seg-
ments, and unompensated magneti moments appear
at the ends of odd-sized segments. On phenomenologial
grounds, we assume these moments to orrelate ferro-
magnetially, with their diretion determined in the ex-
periments by the ooling eld. For eah segment of spins,
the partition funtion an be exatly alulated; the total
free energy of the hain is obtained by summing the free
energies of segments of all sizes, with proper weighting
fators. This proedure is detailed in Se. II A. Then,
in Se. II B, we inlude the Curie-Weiss terms and dis-
uss the results of the approximation. We show that this
approah reprodues the linear temperature dependene
of the remanent magnetization and the existene of an
exess suseptibility. The nal setion is devoted to a
disussion and onlusions.
II. PHENOMENOLOGICAL MODEL
A. Nearest-neighbor interations
We initially onsider an open segment of n Ising spins
with antiferromagneti ouplings and alternating elds,
desribed by the Hamiltonian
Hn = J
n−1∑
j=1
SjSj+1 −
n∑
j=1
hjSj −D
n∑
j=1
S2j , (2)
where J > 0 and hj = h1 (h2) for odd (even) j; a rystal
eld D is also introdued. The spin variables Sj take the
values ± 12 , ±
3
2 and ±
5
2 . The alternating elds are intro-
dued to give room to a staggered eetive eld needed to
desribe long-range antiferromagneti order in the pres-
ene of interhain interations. Aording to the phe-
nomenologial hypothesis that there are unompensated
magneti moments pointing in a preferred diretion, de-
termined by the ooling eld, we assume that the spins
at the ends of odd-sized segments are always under the
ation of a eld h1. When the eld is removed, the mo-
ments would remain unompensated due to pinning by
the non-magneti impurities. For even-sized segments,
the partiular hoie of a eld h1 at j = 1 is of no on-
sequene, sine in this ase the partition funtions are
symmetri under inversion.
As we are onsidering nite values of n, we must treat
separately the ases of odd- and even-sized segments. Us-
ing the transfer-matrix tehnique, we an write the par-
tition funtions as
Zoddn−1 =
〈
v1
∣∣∣Tn−22 ∣∣∣v1〉 (3)
and
Zevenn =
〈
v1
∣∣∣Tn−22 T1∣∣∣v2〉 = 〈v2 ∣∣∣T2Tn−22 ∣∣∣v1〉 , (4)
where n is an even number, T = T1T2, the elements of
the 6× 6 matries T1 and T2 are given by
T1 (Si, Sj) = e
−βJSiSj+
1
2
β(h1Si+h2Sj)+
1
2
βD(S2i +S
2
j ), (5)
T2 (Si, Sj) = T1 (Sj , Si) , (6)
and the omponents of the vetors v1 and v2 are
v1(Sj) = e
1
2
β(h1Sj+DS2j ), (7)
v2(Sj) = e
1
2
β(h2Sj+DS2j ). (8)
The free energies assoiated with odd- and even-sized
segments are
F oddn−1 = −kBT lnZ
odd
n−1 (9)
and
F evenn = −kBT lnZ
even
n . (10)
We now onsider a very long hain, and assume that
eah of the N sites is oupied by a spin with probability
p. For 0 < p < 1, the hain is omposed of nite segments
of spins separated by empty sites. In the N → ∞ limit,
the number of segments of size n is NP (n) = N(1 −
p)2pn. Assuming that eah segment is desribed by the
Hamiltonian in Eq. (2), the total free energy per spin is
given by the innite series
fnn(h1, h2, T ) =
1
p
∑
n even
[
P (n− 1)F oddn−1 + P (n)F
even
n
]
.
(11)
For p < 1, as nP (n) beomes negligible for suiently
large n, this innite series an be trunated and readily
evaluated numerially.
3Let us denote by type 1 (type 2) those spins under
the ation of a eld h1 (h2). The numbers N1 and N2
of spins of either type in a hain an be determined by
noting that in a segment of size n there are n/2 type-1
spins if n is even and (n+ 1)/2 type-1 spins if n is odd.
Thus, the frations of type-1 and type-2 spins are
N1
N
=
∑
n odd
P (n)
n+ 1
2
+
∑
n even
P (n)
n
2
=
p
1 + p
, (12)
and
N2
N
=
∑
n odd
P (n)
n− 1
2
+
∑
n even
P (n)
n
2
=
p2
1 + p
, (13)
respetively. For p < 1, the dierene between the two
frations will obviously generate a non-zero magnetiza-
tion at zero temperature.
B. Linear-hain approximation
In order to mimi the weak interhain oupling in the
real ompounds, we now assume that, in addition to the
nearest-neighbor ouplings inside eah segment, there are
also ferromagneti Curie-Weiss (CW) interations on-
neting all spins in the hain. We further assume that
the CW interations between two type-1 or two type-2
spins have strength Jcw/N , but that the CW intera-
tions between a type-1 and a type-2 spin are weaker by a
fator γ. This γ fator is introdued to allow for o-plane
interhain ouplings; in the pure limit (p = 1) the hains
are expeted to exhibit antiferromagneti order, so that
γ must be smaller than unity. Upon dilution, we expet
the antiferromagneti arrangement to survive inside eah
segment, and in priniple this ould lead to a variation of
γ with the onentration p, sine the magneti arrange-
ment in the planes perpendiular to the hains ould be
disturbed. In any ase, our results suggest that γ is very
small, if not zero, in the ompounds under onsideration.
The ontribution of the CW interations to the total
energy per spin is
εcw = −pJcw(m
2
1 + 2γm1m2 +m
2
2), (14)
wherem1 (m2) is the magnetization per magneti ion due
to spins of type 1 (type 2). Sine εcw depends only on the
averages m1 and m2, and not on the detailed ongura-
tion of the spins, it is onvenient to perform a hange of
variables. So, we now introdue the Helmholtz potential
per spin ann(m1,m2, T ), related to the nearest-neighbor
interations, and dened by the Legendre transform
ann(m1,m2, T ) = fnn(h˜1, h˜2, T ) +m1h˜1 +m2h˜2, (15)
where h˜1 and h˜2 are eetive elds and
m1 = −
(
∂fnn
∂h˜1
)
h˜2,T
and m2 = −
(
∂fnn
∂h˜2
)
h˜1,T
.
(16)
For given values of m1 and m2 we an write the total
Helmholtz potential,
a(m1,m2, T ) = ann(m1,m2, T ) + εcw, (17)
from whih we obtain the relation between the external
magneti elds h1, h2 and the eetive elds,
h1 =
(
∂a
∂m1
)
m2,T
= h˜1 − 2pJcw(m1 + γm2), (18)
and similarly
h2 =
(
∂a
∂m2
)
m1,T
= h˜2 − 2pJcw(γm1 +m2). (19)
Comparing these last results (for γ = 0) with the loal
eld at a site r due to its q⊥ nearest-neighbors in adja-
ent hains, as given by the Hamiltonian in Eq. (1), we
onlude that Jcw an be estimated as
Jcw ≃
1
2
pq⊥J⊥. (20)
The thermodynamially stable magnetizations are
those whih minimize the free-energy funtional
Φ (h1, h2, T ;m1,m2) = a(m1,m2, T )−m1h1 −m2h2
= fnn
(
h˜1, h˜2, T
)
− εcw. (21)
For low temperatures and small ratios Jcw/J , setting
h1 = h2 = 0, the stable values of m1 and m2 have oppo-
site signs. In the presene of dilution (p < 1), sine we
have |m1| 6= |m2|, the model predits a remanent mag-
netization per lattie site, mr, given by
mr = p(m1 +m2). (22)
In the T → 0 limit, mr reahes a saturation value,
lim
T→0
mr =
N1 −N2
N
S =
p(1− p)
(1 + p)
S, (23)
where S = 52 . The zero-eld dierential suseptibility χ0
an be alulated by setting h1 = h2 = h and taking the
h→ 0 limit,
χ0 = lim
h→0
∂mr
∂h
. (24)
The Néel temperature is obtained from the solution of
the equation{
∂2Φ
m21
∂2Φ
m22
−
(
∂2Φ
∂m1∂m2
)2}
m1=m2=0
= 0, (25)
in the absene of an external eld.
In Fig. 1 we show the experimental data
19
for the tem-
perature dependene of the remanent magnetization in
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FIG. 1: Experimental data (irles) and theoretial alu-
lation (solid urve) for the temperature dependene of the
remanent magnetization in DMMC with 4.5% Cd. The mag-
netization is normalized to its value at the lowest temperature
for whih experimental data are available.
DMMC doped with 4.5% Cd (this onentration was esti-
mated from high-temperature ts to a Curie-Weiss law).
We also show results of our alulations for the remanent
magnetization with 4.5% dilution, Jcw/J = 1.5 × 10
−2
,
γ = 0, and D = 0. We obtained the best t for the lin-
ear portion of the urve by setting the theoretial Néel
temperature to 1.14 times the experimental value (whih
amounts to tting J). This is a reasonable proedure,
sine our alulations are of a mean-eld nature, and thus
we do not expet to obtain good quantitative results for
the Néel temperature. Of ourse, the qualitative features
of the alulations are not sensitive to small variations
in the parameters; however, no stritly universal behav-
ior (in the sense of data ollapse) ould be identied. We
point out that setting the value of the rystal eld to high
positive values turns the system into a S = 12 Ising model,
and in this ase the linear temperature dependene of mr
ould not be so well reprodued. Note that, in view of
Eq. (20), the value of Jcw/J used in the t is fully om-
patible with the estimated experimental value of J⊥/J
mentioned in the Introdution. The alulated ratio of
the Néel temperatures of the diluted and pure systems is
0.86, ompared to the experimental estimate19 of 0.99 for
the real material. From Eq. (23), the saturation value
of mr for 1% dilution is 0.497% of the sublattie magne-
tization in the pure system, in exellent agreement with
the experimental estimate
18
of 0.5% for MMC with 1%
Cd.
In Fig. 2 we use the previous set of parameters to
plot the alulated zero-eld suseptibility χ0 both in
the pure limit and for 4.5% dilution. The broad maxima
in the urves reet short-range intrahain antiferromag-
neti orrelations, while the usps (indiated in the g-
ure by the arrows) orrespond to the Néel temperatures
(TN ). As it is lear in the inset, for the dilute ase we
observe other features at lower temperatures. The small
0 4 8 12
kBT / J
0
0.1
0.2
0.3
χ 0
 
(pe
r m
ag
ne
tic
 io
n)
 1 − p = 4.5%
pure model
0 0.5 1 1.5
0
0.05
0.1
J
cw
 / J = 1.5 x 10−2
S = 5/2
TN
TN
FIG. 2: Calulated zero-eld suseptibility per magneti ion
in the pure limit (dashed urve) and for 4.5% dilution (solid
urve), using the same parameters as in Fig. 1. The arrows
indiate the orresponding Néel temperature, whih is lower
in the dilute ase. The inset shows low-temperature behavior.
maximum lose to T = 0 is due to isolated spins, whose
sole energy sale is given by the very weak interhain
ouplings, while the neighboring shoulder is due to small
odd-sized segments, whose end spins are unompensated
(even-sized segments give negligible ontributions to χ0
at suh low temperatures). This is in sharp ontrast to
the pure limit, in whih the suseptibility vanishes expo-
nentially for T < TN .
It should be mentioned that the present approah is
a generalization of that used by Slotte
23
to investigate
the dilute S = 12 Ising hain with ompeting short- and
long-range interations. However, owing to the presene
of ompetition, his approah does not ontemplate the
possibility of long-range antiferromagneti order at nite
temperatures, even in the pure limit.
III. CONCLUSIONS
We introdued a phenomenologial model for the re-
manent magnetization (mr) in a lass of dilute quasi-one-
dimensional antiferromagnets, omposed of weakly inter-
ating spin hains. The model assumes the existene of
unompensated spins at the ends of odd-sized segments
formed along the hains upon dilution. These spins are
supposed to remain ferromagnetially orrelated after a
ooling eld is removed. By using a linear-hain approx-
imation, in whih interhain interations are treated at
a mean-eld level, we were able to reprodue the linear
temperature dependene of mr for a set of parameters
ompatible with experimental estimates.
Our linear-hain approximation is based on the as-
sumption that, even upon dilution, eah segment feels
an staggered eetive eld. Of ourse, this assumption
is subjet to some restritions. Depending on the impu-
5rity onentration 1− p, the existene of unompensated
moments pointing in a preferred diretion ould lead to
a omplete destabilization of the magneti ordering per-
pendiular to the hains (this an be seen by onsidering
the eet, in a partiular hain, of two neighboring non-
magneti ions, whih may invert the roles of the alter-
nating sublatties). In this ase, spins along the hains
would feel the same interhain eetive eld, irrespetive
of their position. Atually, this would lead to a ferromag-
neti transition (with a diverging suseptibility), and the
long-range antiferromagneti ordering would not be re-
overed even as p → 1. We have performed alulations
near this limit, and have heked that the ritial tem-
perature depends linearly on 1− p, being thus too small
ompared with experimental ndings. Moreover, it is not
possible to reprodue the linear temperature dependene
of the remanent magnetization. We onlude that, at
least in the low impurity onentrations used here, for
whih the ourrene of two neighboring non-magneti
atoms in the same hain is a rare event, our approxima-
tion is reasonable.
There remains the topi of identifying the preise
mehanism responsible for the persistene of ferromag-
neti orrelations between the unompensated spins.
Monte Carlo simulations based on the Hamiltonian in
Eq. (2) ould be used to verify whether it is suient
or neessary to have both ferro- and antiferromagneti
interhain interations present in order to give rise to
a remanent magnetization in quasi-one-dimensional sys-
tems.
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